3+ and Yb 3+ ions have been synthesized by a facile hydrothermal method. The samples were prepared by using different precipitant agents in the synthesis process. The phosphors were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and photoluminescence spectroscopy. Effects of the precipitant agents on structural, morphological, and photoluminescence properties of Y 2 O 3 :Er 3+ -Yb 3+ are studied and discussed. XRD analysis indicates that all samples, prepared with different precipitant agents, present the same cubic phase. Electron microscopy measurements show regular spherical shapes with size diameter depending on precipitant agent. Photoluminescence reveals that the samples have strong green (563 nm) and red (660 nm) emissions corresponding to 4 S 3/2 → 4 I 15/2 and 4 F 9/2 → 4 I 15/2 transitions of Er 3+ ions, respectively. The nanophosphors prepared with both Thiourea and Lithium Hydroxide exhibit the stronger visible upconversion luminescence under 980 nm diode laser excitation.
Introduction
In recent years the interest in nanophosphor materials doped with rare earth ions has been growing due to their wide practical applications such as high performance phosphors [1] , biomedicine diagnosis [2] , solid state lasers [3] , sensors [4, 5] , and biotechnological applications [6] . These materials have important characteristics due to the upconversion processes which convert near-infrared photons into visible photons via the multiphonon processes [7] . It is well known that yttrium oxide (Y 2 O 3 ) is a commonly used luminescent host material which is known as one of the most promising fluorescent materials when doped with rare earth ions like Yb 3+ [8] , Er 3+ [5, 9] , a combination of Yb 3+ and Er 3+ ions [5, 10, 11] , and a combination of other ones [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Due to its low phonon energy, this host lattice promotes the conversion of nearinfrared radiation (NIR) into shorter wavelengths emissions, such as visible and UV, when doped with rare earth ions.
Yttrium oxide (Y 2 O 3 ) has excellent physical and chemical properties such as a large transparency range of about 2.8-8 m, high melting point (2450 ∘ C), large energy band gap (5.8 eV), and relatively low phonon energy (about 500 cm −1 ) [9, 10] . Y 2 O 3 doped with sensitizer and activator ions such as Yb 3+ and Er 3+ , respectively, has been established as one model for upconversion systems to generate visible emission under IR laser excitation. The sensitizer ion (Yb 3+ ) is excited with near-infrared radiation source and transfers its energy to the activator ion (Er 3+ ) that in turn emits a visible photon. Several studies have examined the luminescence properties of yttrium oxide nanocrystals doped with rare earth ions. 
Experimental Details

Preparation of Y 2 O 3 :Er
3+ -Yb 3+ Nanocrystals. All chemicals were of analytical grade from Aldrich Inc. and used as received. Deionized water was used throughout the whole process. The nanosized Y 2 O 3 :Er 3+ -Yb 3+ materials were prepared by using different precipitant agents in a facile hydrothermal method, and schematic of the process is shown in Figure 1 . Firstly, a precipitant agent solution (A1) was prepared by dissolving Lithium Hydroxide and Thiourea (LiOH-SC(NH 2 ) 2 ) and either Lithium Hydroxide and Urea (LiOH-CO(NH 2 ) 2 ) or only LiOH or only Urea (the last three samples as reference samples) in 200 mL of deionized water in a Teflon container under strong stirring. In another vessel (A2) the rare earth nitrates were dissolved in 50 mL of deionized water by stirring. Then dissolved precursor salts (A2) were added to the precipitant agent solution (A1). Four different samples were obtained of the Y 2 O 3 host doped with Er 3+ :Yb 3+ in a relation of 1 : 2 mol%. In each case, the mixing was made at room temperature and the pH value was adjusted slowly under vigorous stirring so that the active ions are uniformly dispersed. The resultant solution was transferred into a sealed autoclave and maintained at 100 ∘ C during 20 h. After that, the obtained precipitate was washed with water and dried in an oven at 100 ∘ C for 24 h. Finally, the resultant powders were annealed in a furnace at 500 ∘ C for 1.5 h and 1000 ∘ C for 3 h, using a heating rate of 10 ∘ /min. After annealing, they were cooled down naturally at room temperature under air atmosphere.
Structural and Morphological Characterization.
The crystalline structure of the nanophosphors was characterized by X-ray diffraction (XRD) using a -Bruker D-8 Advance diffractometer, having the Bragg-Brentano geometry using CuK radiation ( = 1.5405Å), a Ni 0.5% CuK filter in the secondary beam, and a one-dimensional position sensitive silicon strip detector (Bruker, Lynxeye). Diffraction intensity as a function of the angle 2 was measured between 5 ∘ and 80 ∘ in steps of 0.02 ∘ with a count time of 53 s. Size and morphology of powders have been examined using JEOL JSM-6060LV scanning electron microscope (SEM) operated at 28 kV. The samples were prepared by placing a drop of dilute alcohol dispersion of nanophosphors on the surface of the copper stub. The electron microscope is used in the EDX mode to obtain the composition of the samples. Fourier transform infrared (FT-IR) spectroscopic measurements were obtained using a Bruker FT-IR spectrometer (model: TENSOR 37).
Absorption and Photoluminescence.
The optical spectra were measured with spectrophotometer of Agilent Technologies Model Cary 5000 UV-Vis-NIR. The photoluminescence (PL) characterization was performed using a CW semiconductor laser diode as a pump source centered at 980 nm. The fluorescence emission was analyzed with a monochromator Acton Pro 2300i from Acton Research and a R955 Hamamatsu photomultiplier tube. The system was controlled with a PC where emission spectra were recorded. Fluorescence lifetimes were measured using CW laser diode, the monochromator, and photomultiplier connected to a Teledyne LeCroy Digital Oscilloscope. All measurements were performed at room temperature. Samples were supported in 1 mm capillary tube in order to guarantee the same quantity of excited material. Special care was taken to maintain the alignment of the setup in order to compare the intensities of the upconverted signal between different characterized samples. Table 1 . The average crystallite sizes were obtained by using Scherrer's formula:
Results and Discussion
Structural Characterizations of
Here, is the X-ray wavelength, is the corrected half-width of the strongest diffraction peak, and is the diffraction angle. The crystallite sizes for the four samples prepared with different precipitant agents are presented in Table 1 . These measurements indicate that the inclusion of Li + ions stimulates the growth of Y 2 O 3 nanocrystals.
Morphological Characterization of the Nanophosphors.
SEM micrographs in Figure 3 show the morphology of the [20, 24, 25] and their intensity decreases when the sample is prepared with Thiourea+LiOH as precipitant agents. Such CO groups reduction leads to a decrease of PL quenching centers, which in turn lead to an enhancement of the upconversion emission intensity [5, 18, 20, [24] [25] [26] . Noteworthy, in all prepared samples no observable bands around 3400 cm −1 were found that suggest OH groups are not present or are under the detection limit; see Figure 5 . The peak around 1130 cm Figure 6 . These spectra are consistent with the typical absorption transitions presented in the same host [5, 10, [18, 20, 23-26, 29, 30] . When Thiourea is utilized in the synthesis process, improvement on luminescence emission due to S ions is expected [22] . The huge enhancement observed when the mixture Thiourea-LiOH is used as precipitant agent could be due to the formation of (SO 4 ) 2− groups on the crystallites' surface [29, 31] . The formation of (SO 4 )
2−
groups reduces quenching CO groups (see Figure 5) , and the insertion of Li ions can induce a reduction of charge related defects in the ytterbium/erbium substituted sites into the nanocrystals [18, 24-26, 29, 32] , and that in turn will cause the enhancement of upconversion intensity [24-26, 29, 32] . In summary, inclusion of Li and S ions leads to an appreciable enhancement of photoluminescent emission. The energy levels diagram of Yb 3+ and Er 3+ ions is presented in Figure 8 . In this figure, the principal upconversion processes required to produce red (660 nm) and green (563 and 522 nm) emissions are depicted. Dependence of the upconversion emission spectra on excitation power is presented for the red and green bands in Figure 9 (a). The sample prepared with Thiourea and Lithium Hydroxide was selected because it presented the best emission spectra. An approximation to the number of NIR photons, , that are necessary to populate the excited emitting state can be obtained by the relation upc = pump , where the upconverted emission intensity ( upc ) is proportional to the absorbed pumping power ( pump ) in the NIR. The log-log plots in Figure 9 (b) depict such relationship. Values of were obtained by fitting the data to a straight line, where slope corresponds to , being for green and red emissions, in the case of Thiourea-LiOH, 1.5 and 1.3, respectively. The other values of for Urea-LiOH, LiOH, and Urea as precipitant agents were 1.4, 1.3, and 1.5 and 1.2, 1.2, and 1.3 for green and red bands, respectively. These values indicate that more than one photon is required to promote the electron to the 2 H 11/2 + 4 S 3/2 and 4 F 9/2 emitting levels. Now, from the levels diagram in Figure 8 an Table 2 . The sample synthesized using Thiourea-LiOH as precipitant agent shows the highest lifetimes in visible and IR regions, which explains the results of emission spectra seen in Figure 7 , where the best intensity of luminescence in the visible region corresponds to the sample prepared with Thiourea and Lithium Hydroxide. The next sample that has better lifetimes and better emission corresponds to the sample with Urea and Lithium Hydroxide as precipitant agent. The sample that has the lower emission and decay times corresponds to the sample prepared with Urea as precipitant agent. When the sample is obtained with only LiOH instead of Urea the lifetimes increase and when the sample is prepared with Urea-LiOH the lifetimes are better than for the sample prepared only with LiOH, but the highest lifetimes in visible and IR regions correspond to the sample prepared with Thiourea and Lithium Hydroxide. It is worth noticing that this lifetime behavior agrees with the fact that all the levels involved increase. That suggests that in fact Er 3+ GSA as well as energy migration among Yb 3+ ions is taking place. An additional channel for lifetime enhancement might be due to the fact that incorporation of both Li and S ions into the lattice and surface of the Y 2 O 3 nanocrystallites leads to the reduction of PL quenching OH and CO groups.
The CIE chromaticity diagram for PL of the prepared Y 2 O 3 :Er 3+ -Yb 3+ nanophosphors is presented in Figure 10 ; for that the excitation was at 980 nm. The CIE chromaticity coordinates of (0.352, 0.643), (0.368, 0.622), (0.373, 0.615), and (0.399, 0.586) correspond to Thiourea-LiOH, Urea-LiOH, only LiOH, and only Urea as precipitant agents, respectively. As observed in Figure 10 the green color luminescence intensity of the phosphors increases by preparing the samples with Thiourea and Lithium Hydroxide. It shifts from yellowgreen (Urea) to yellowish-green (Thiourea-LiOH).
Conclusions
It has been shown that a correct selection of precipitant agent in the hydrothermal method is important. By using a mixture of Thiourea and Lithium Hydroxide inclusion of both sulfur and lithium ions into the nanocrystals is achieved. SEM results show that the samples do not change their morphology significantly, but the particles sizes for the Thiourea+LiOH 2− groups on the crystallites surface reduces the CO and OH groups and that in turn reduces the quenching effects on luminescence due to these groups. It was observed that the incorporation of Li improves the visible and NIR Er 3+ and Yb 3+ luminescence emissions, probably by enhancing the Er 3+ GSA and the energy migration among Yb 3+ ions. This effect has been associated with the distortion of the crystal field around rare earth ions as well as with the creation of localized state in the yttrium oxide matrix, which stimulate the Yb 3+ to Er 3+ nonradiative transfer processes. Thus, the use of the Thiourea and Lithium Hydroxide mixture allows the inclusion of Li and S ions into nanocrystals, and this in turn leads to a huge enhancement of upconversion photoluminescence emission.
